Previous studies by the authors have determined pavement responses under dynamic loading considering cross-anisotropy in one layer only, either the cross-anisotropic viscoelastic asphalt concrete (AC) layer or the cross-anisotropic stress-dependent base layer, but not both. This study evaluates pavement stressestrain responses considering cross-anisotropy in all layers, i.e. AC, base and subbase, using finite element modeling (FEM) technique. An instrumented pavement section on Interstate I-40 near Albuquerque, New Mexico was used in ABAQUS framework as model geometry. Field asphalt cores were collected and tested in the laboratory to determine the cross-anisotropy (n-values) defined by horizontal to vertical modulus ratio, and other viscoelastic parameters as inputs of the model incorporated through user defined material interface (UMAT) functionality in ABAQUS. Field base and subbase materials were also collected and tested in the laboratory to determine stress-dependent nonlinear elastic model parameters, as inputs of the model, again incorporated through UMAT. The model validation task was carried out using field-measured deflections and strain values under falling weight deflectometer (FWD) loads at the instrumented section. The validated model was then subjected to an actual truck loading for studying cross-anisotropic effects. It was observed that horizontal tensile strain at the bottom of the AC layer and vertical strains in all layers decreased with an increase in n-value of the asphalt layer, from n < 1 (anisotropy) to n ¼ 1 (isotropy). This indicates that the increase in horizontal modulus caused the decrease in layer strains. It was also observed that if the base and subbase layers were considered stressdependent instead of linear elastic unbound layers, the horizontal tensile strain at the bottom of the asphalt layer increased and vertical strains on top of the base and subbase also increased.
Introduction
Pavement damage, i.e. fatigue or permanent deformation, is dependent on pavement responses such as horizontal and vertical strains due to repeated traffic loads. These strains are dependent on the stiffness of pavement layers, which are typically assumed to be equal in every direction. In reality, pavement is constructed by compacting pavement layers in the vertical direction, which may result in unequal material stiffness, i.e. defined by the modulus of elasticity, E, in horizontal and vertical directions (Tutumluer and Seyhan, 1999) . Asphalt concrete (AC) can be considered isotropic if its stiffness (i.e. E-value) is the same in every direction; otherwise it is anisotropic. If AC's E-values are the same on a horizontal plane, the AC is called cross-anisotropic material. The ratio of horizontal to vertical moduli is called degree of cross-anisotropy, n-value. Thus, AC is isotropic if n ¼ 1; otherwise, it is cross-anisotropic.
The study of cross-anisotropy was mostly concentrated on the unbound granular aggregate layer before 2000 (Lo and Lee, 1990; Tutumluer and Seyhan, 1999) . The possible presence of anisotropy in AC was first studied by Masad et al. (2002) . This study was performed based on an AC test specimen compacted by a SuperPave (SP) gyratory compactor in the laboratory. Wang et al. (2005) performed a study to determine the degree of cross-anisotropy on a field-collected AC sample using a triaxial test. Later, Motola and Uzan (2007) conducted a dynamic modulus test on AC samples to determine the degree of cross-anisotropy. The tests were conducted on AC samples along both vertical and horizontal directions. The test results indicated that the degree of cross-anisotropy was 40%.
In previous studies, pavement materials were mostly assumed as isotropic during the finite element modeling (FEM) of multilayered pavement structure under dynamic loading (Uddin and Garza, 2010; Tarefder and Ahmed, 2013) . Cross-anisotropy was incorporated only to unbound layers, such as base, subbase, and subgrade (Al-Qadi et al., 2010) . It is known that a higher amount of stress is distributed over the AC layer due to traffic load. Therefore, ignoring AC's cross-anisotropy may cause significant error during predicting critical strains, which are related to fatigue damage or permanent deformation predictions of a pavement.
The effects of AC's cross-anisotropy on horizontal and vertical strains were investigated in recent studies (Ahmed et al., , 2015 . In another study by these authors, cross-anisotropy was only incorporated to the unbound layers in the presence of stress-dependent nonlinear elastic base layer (Ahmed et al., 2014) . However, stressdependency in subbase was not within the scope of that study.
From the above discussions, it is understood that crossanisotropy was incorporated only to the AC or unbound layers in the FEM of a pavement structure under dynamic loading. Stressdependency was incorporated only to the base layer instead of assigning it to multilayers, such as base and subbase together. This study is initiated to combine cross-anisotropy variation in all layers as well as incorporating stress-dependent nonlinear elastic unbound layers for investigating the effects of cross-anisotropy on pavement response.
Objectives
The main objective of this study is to investigate the effects of cross-anisotropy and stress-dependency of pavement layers on pavement response such as horizontal tensile strain at the bottom of the AC layer and vertical strains in all the layers (AC, base, subbase, and subgrade) under dynamic truck loading. The specific objectives are described as follows:
(1) Develop the temperature-dependent and cross-anisotropic viscoelastic model for the AC as well as stress-dependent nonlinear elastic and cross-anisotropic model for unbound layers, such as base and subbase, and to incorporate these to the dynamic FEM.
(2) Perform the parametric study of pavement response, such as vertical and horizontal strains due to cross-anisotropic variations in pavement layers, incorporating both linear and stress-dependent nonlinear elastic unbound layers under the truck load.
The dynamic FEM of the instrumented pavement section is developed in the commercial FEM software, ABAQUS.
Development of dynamic finite element model

Instrumented pavement section
The FEM is developed based on an instrumented pavement section at mile post 141 (MP 141) on Interstate 40 (I-40), Rio Puerco, New Mexico (see Fig. 1 ). It consists of four major layers: AC at the surface, aggregate layer at the base, process-place and compacted (PPC) layer at the subbase, and a subgrade soil layer. The AC layer consists of three lifts each with a thickness of 88.9 mm (3.5 in.). The PPC layer was prepared by processing (loosening) existing base and/or subgrade materials and then compacting it in place. The thickness of the base is 152.4 mm (6 in.) and the subbase is 203.2 mm (8 in.). From Fig. 1 , it can be seen that horizontal asphalt strain gages (HASGs) and vertical asphalt strain gages (VASGs) were installed at the bottom and inside of the AC layer, respectively. Earth pressure cells were installed at different depths to measure the vertical stress.
Model geometry
A quarter of cube model was used for a three-dimensional (3D) simulation. The depth and horizontal length of a model were selected, as there is no effect of stress near the boundary according to Duncan et al. (1968) . In this study, the depth of the model was taken 50 times the loading radius, and the horizontal length was taken more than 12 times the loading radius. Wave reflection by the boundary is one of the major concerns in a dynamic analysis. Dynamic amplification may occur due to this wave reflection that results from the insufficient distance to the boundary (Petyt, 1990) . Therefore, the final dimensions, i.e. length, width, and depth, of this entire model were selected to be 7.62 m Â 7.62 m Â 7.62 m (300 in. Â 300 in. Â 300 in.). The numbers of layers as well as thicknesses of every layer were assigned according to the instrumented section described earlier.
Mesh generation
The model geometry after meshing is shown in Fig. 2 . An 8-noded brick element (C3D8) was used for the mesh generation. It is a common practice to assign fine mesh near the loading region to capture the stress gradient and coarse mesh further from that region. A mesh sensitivity analysis determined the optimum element size for the fine mesh. Based on the analysis, the length of the smallest element was 15 mm (0.6 in.) (Ahmed et al., 2014 ). An edge biased structure meshing pattern was used to obtain a smooth transition from fine mesh to coarse mesh.
Boundary condition
The bottom boundary was restrained to move along the three mutually orthogonal directions (see Fig. 2 ). Therefore, there was deflection in the horizontal and vertical directions in this plane. Movements of the vertical boundaries were restrained only in the horizontal directions. The layer interfaces were considered partially bonded and Coulomb friction law was used to model the contact between the interfaces. The friction coefficients required for this contact model were collected from the literature (Romanoschi and Metcalf, 2001 ). The friction coefficients along layer interfaces in the AC were 0.7 and along the base-subbase as well as the subbasesubgrade interfaces were 1.3.
3.5. Material properties 3.5.1. Laboratory and field testing Modulus of the field compacted AC core (E-value) was determined in the laboratory along vertical and horizontal directions to calculate the n-value. Therefore, relaxation modulus tests on the AC core with two different loading modes were performed both axially and diametrically (i.e., indirect tensile testing (IDT) mode). It can be noted that all three lifts of AC were constructed using SP Type-III mix, which uses 19 mm (0.75 in.) maximum aggregate size.
The field compacted AC core with a diameter of 152.4 mm (6 in.) was extracted from the pavement section. Next, a 101.6 mm (4 in.) diameter AC cylinder was extracted from the field compacted AC core using a 101.6 mm (4 in.) diameter pressure controlled core. For the IDT, the 152.4 mm (6 in.) diameter AC cylinder was cut at both ends to prepare a specimen with 50.8 mm (2 in.) thickness. Fig. 3 shows the laboratory test setup. For determination of the degree of cross-anisotropy (n-value), strain-controlled test was conducted. In the case of the uniaxial test, a constant strain of 50 microstrains was applied on the AC cylinder. The vertical or axial stress due to this constant strain was measured. Ratio of the initial stress to constant strain is the vertical modulus or stiffness, E v (see Fig. 3a ). The same strain-controlled test was implemented during the IDT test to measure the strain, which is transverse to the loading direction, i.e. indirect tensile strain (see Fig. 3b ). Ratio of the initial indirect tensile stress to strain is the horizontal modulus or stiffness, E h . Both of the uniaxial and IDT tests were conducted at room temperature, i.e. 25 C. Based on the interpretation of the test results, the vertical modulus (E v ) was 1151.87 ksi (1 ksi ¼ 6.84 MPa) and the horizontal modulus (E h ) was 345.56 ksi. The degree of cross-anisotropy (n-value) is the ratio of the horizontal and vertical moduli. In this study, the n-value of the AC was 0.33.
The dynamic modulus test was also conducted on the field compacted AC core to determine the Prony series coefficients as As mentioned earlier, the base layer was constructed using 50% granular aggregate and 50% recycled asphalt pavement (RAP) material whereas the subbase was constructed using the PPC. Both of these layers are considered to have stress-dependency, i.e. nonlinear elasticity, in the dynamic FEM of the pavement section. Laboratory resilient modulus tests were conducted to determine this stress-dependency of both of the unbound materials according to the AASHTO T3 07-99 (2003) . Test specimens were prepared with 6 in. diameter and 12 in. height for resilient modulus test of both base and subbase. Fig. 3c shows a resilient modulus test setup. A sequence of cell pressure and deviator stress was applied according to the test guideline. The vertical strain was measured using internal linear variable differential transformer (LVDT). Based on applied stress and measured strain, resilient modulus was calculated at different stress sequences.
A falling weight deflectometer (FWD) test was conducted on the instrumented pavement section, which was later used to determine the subgrade stiffness. In a FWD test, an impulse type load is applied on the pavement surface by a spring-mass system . Geophones at different radial distances measured the pavement surface deflections in response to the load as shown in Fig. 4 .
AC layer properties
The AC layer in the instrumented pavement section experienced further compaction for some time right after it was open to traffic. Later, it became fully-compacted due to repeated traffic load. Once it was fully-compacted, there was no further volume change in this layer. In this study, the FEM is targeted to simulate under single application of truck tire pressure to investigate the effects of crossanisotropy on pavement strains. For this reason, the AC is assumed as linear viscoelastic ignoring the other factors such as plastic strain or volume change, formation of micro-cracks leading to failure and so on.
The dynamic modulus test was conducted on an AC test specimen at different temperatures (À10 C, 4 C, 21 C, 37 C, and 54 C) and frequencies (0.1 Hz, 0.5 Hz, 1 Hz, 5 Hz, 10 Hz and 25 Hz) to generate the master curve from using the timeetemperature superposition at a reference temperature of 25 C. It was used to determine the coefficients of the Prony series in two steps: one is determining the relaxation modulus and the other is determining the Prony series coefficients by fitting the generalized Maxwell model to the relaxation modulus. This conversion was performed according to the method of conversion as proposed by Park and Schapery (1999) . The generalized equation is as follows:
where E v (t) is the vertical relaxation modulus at time t second (ksi), E 0,v is the instantaneous vertical modulus (ksi), e i is the Prony series coefficient, s i is the relaxation time, and m is the number of springdashpot. The instantaneous modulus (E 0,v ) of the AC is 3074.16 ksi at 25 C. It is assumed that the Prony series coefficients for both vertical and horizontal moduli are the same except the instantaneous modulus. The instantaneous horizontal modulus (E 0,h ) is the product of the vertical modulus and degree of cross-anisotropy (nvalue), i.e. E 0,h ¼ nE 0,v . Therefore, the generalized equation of the horizontal modulus is as follows: 
where E h (t) is the vertical relaxation modulus at time t second (ksi), and E 0,h is the instantaneous horizontal modulus (ksi). Table 1 summarizes the Prony series coefficients. These coefficients are also assumed to be the same for the shear modulus except the instantaneous shear modulus. The equations of the instantaneous shear modulus are as follows:
where G 0,vh is the instantaneous shear modulus in vertical plane (ksi), E 0,v is the instantaneous vertical modulus (ksi), n 0 is the conversion factor for shear modulus, G 0,hh is the instantaneous shear modulus in horizontal plane (ksi), and n hh is the Poisson's ratio in horizontal plane. The value of n 0 is assigned equal to 0.38.
The Poisson's ratio, n hh , of the AC is 0.3 as determined from the IDT test. It was mentioned earlier that the AC is temperature-dependent material. Modulus of the AC is high at low temperatures and low at high temperatures. Therefore, modulus of the AC varies over the depth of a surface course due to depth-temperature variation. The temperature dependency of the AC is incorporated using the following relationship (Appea, 2003 ):
where E 25 is the modulus of the AC at 25 C, and E T is the modulus of the AC at temperature T of the AC. In this study, the temperature is assumed to vary linearly over the depth of the AC layer. Based on this assumption, the equation for the temperature variations is as follows:
where T z is the temperature of the AC at depth z ( C), T surface is the surface temperature ( C) which is equal to 35.1 C, T bottom is the temperature at bottom of the AC layer ( C) which is equal to 27.4 C, and D is the thickness of the AC layer (in.). A FORTRAN subroutine was developed to implement the temperature dependent and cross-anisotropic viscoelastic model of the AC layer. This subroutine was integrated to the dynamic FEM in ABAQUS using the user defined material interface (UMAT).
Unbound layer properties
The base and subbase layers are constructed by coarse or granular aggregates as mentioned earlier. It is known that the granular aggregates are stress-dependent and nonlinearly elastic (Xiao et al., 2014a, b; 2016) . There are two major types of stressdependency observed in granular aggregates used in pavement layers. These are stress-hardening and stress-softening, respectively. Generally, unbound layer modulus increases whenever normal stress at the particle-to-particle contact interface increases and it is known as stress-hardening. In case of stress-softening, modulus decreases with increase in shear stress at particle-toparticle contact interface in relatively fine aggregates. The generalized model as adopted in the newly developed mechanistic empirical pavement design guide (MEPDG) was used in this study to incorporate base and subbase stress-dependency or nonlinearity to the model (ARA, 2004) . The model is as below:
where M R is the resilient modulus (psi); q is the bulk stress (psi); s oct is the octahedral shear stress (psi); p a is the atmospheric pressure (psi); and k 1 , k 2 and k 3 are the regression coefficients that need to be determined from laboratory resilient modulus test. These regression coefficients of base material were determined from laboratory measured resilient modulus at different loading sequences. These coefficients are also summarized in Table 2 . Eq. (7) was also implemented in dynamic FEM using UMAT in ABAQUS. In UMAT, for each of base layer elements, the initial strain increments were obtained from the main program to calculate the stresses. These stresses were used to determine the bulk and octahedral stresses, which were used to calculate resilient modulus using Eq. (7). Based on the resilient modulus, the incremental stiffness was calculated and the stress was updated and returned to the main program.
The subgrade modulus was back calculated from the FWD test data as mentioned earlier. Modulus of elasticity, density and Poisson's ratio of subgrade are summarized in Table 3 . The FEM simulations were performed considering both nonlinear and linear elastic base and subbase layers. Therefore, modulus of elasticity, density and Poisson's ratio were also needed for these layers. The modulus for base and subbase were back calculated from the FWD test data.
Simulation matrix
The FEM simulation was performed with varying n-values of AC, base, and subbase, respectively, to investigate the effects of crossanisotropy. The values of n are 0.25, 0.5, 0.75, and 1 (isotropic). This entire range of n-values was repeated for the FEM considering both nonlinear and linear elastic unbound layers.
Loading type
In this study, FWD test load data were used for model validation and wheel load was used to study pavement responses. The FWD test load was idealized by a circular area with 150 mm (6 in.) radius in the model (see Fig. 5a ). The target FWD test load was 40.03 kN (9 kip), which applied 548.8 kPa (79.6 psi) and the duration of the load was 0.025 s (see Fig. 5b ).
Wheel load can be assigned in a FEM by applying a uniform vertical tire contact stress on the area with a rectangular shape or combined shape of rectangle and semi-circle . However, researches have previously shown that tire contact stress is not uniform over a tire imprint area (Siddharthan et al., 2002; AlQadi and Wang, 2009) . In this study, non-uniform vertical tire contact stresses were applied over the tire imprint area as the wheel load. Fig. 5c shows the dimension of ribs of a single tire from the arrangement of a dual tire 275/80R22.5 as well as the distribution of vertical contact stress over the ribs based on the literature (Al-Qadi and Wang, 2009 ). There were five ribs in a single tire. The non-uniform tire contact stress was applied on a quarter of this tire imprint area to generate a truck wheel load on the quarter cube model. Fig. 5d shows the loading duration of the single tire at 96.5 km/h (60 mph). The loading duration for each of the ribs was assumed to be the same and the duration was 0.03 s. At the same time, i.e. 0.015 s, the peak stresses of the ribs were assumed to be attained.
Dynamic FEM analysis
The general equation of a dynamic system can be written as
where M is the mass of the system; C is the damping coefficient; K is the stiffness of the system; and u, _ u and ü are the displacement, velocity, and acceleration, respectively. There are two algorithms to solve the above differential equation, i.e. the implicit and explicit algorithms. The implicit algorithm was used in this study due to its unconditional stability based on the time increment during a dynamic analysis.
The AC layer was considered as a viscoelastic material, which was modeled using a generalized Maxwell model. Therefore, any additional damping was not assigned to this layer. Damping was assigned to the unbound layers using a Rayleigh damping scheme because the frequency generated by a truck load is small in the unbound layers due to the depth. At low frequency, damping is influenced by both stiffness and mass. A damping ratio of 5% was assigned to these layers according to Serdaroglu (2010) .
Results and discussion
Model validation
The dynamic model was validated with field measured surface deflections and horizontal strain prior to the parametric study by varying n-values of pavement layers. The FWD test was conducted at specific locations on the instrumented pavement section (MP 141 on I-40) where the HASG was installed at the bottom of the AC layer. Five replicate drops were applied at 9 kip load. The first four drops were considered as seating drops. The surface deflections were collected at the fifth drop during the FWD test. The FWD data contain both time deflection history and peak deflection at the sensors. The horizontal tensile strain at bottom of the AC layer was also measured by the HASG at 9 kip test load. During the FWD test, temperatures at pavement surface and bottom were 35.1 C and 27.4 C, respectively, as measured by temperature probes installed at different depths. Fig. 6 shows the comparison between field measured and FEM simulated pavement surface deflections. In Fig. 6a , the timedeflection history at center of the loading area from the FEM simulation is close to that from the field measurement, i.e. FWD test. Root mean square error (RMSE) is calculated based on the FEM simulated and field measured deflections at different time steps. The RMSE is 3.96%, which is below 10%. The peak deflections at five different radial distances from FEM simulation and field measurement are compared in Fig. 6b . Differences in peak deflections from the simulation and field measurements at the first three positions are small. However, the difference in deflections at the fourth and fifth positions is not small. The RMSE based on the deflections at these five different radial distances is 10%.
Horizontal tensile strains from the FEM simulation and field measurements are 68.3 and 65.4 microstrains, respectively. The difference is 4.5%, which indicates the FEM simulated strain is reasonably close to the measured strain. Based on the comparison of time-deflection histories, peak deflections, and horizontal tensile strain, it is observed that the FEM simulated pavement response is close to the field response. Therefore, it can be claimed that the model is validated and ready for further parametric study. 
Tensile strain in AC layer
Horizontal tensile strains along longitudinal direction at bottom of the AC layer were determined from the FEM at varying n-values, considering both nonlinear and linear elastic unbound layers. Fig. 7 shows the effects of cross-anisotropy of AC, base, and subbase on horizontal tensile strain at bottom of the AC layer. In Fig. 7a , it is observed that tensile strain decreases from 79.5 microstrains to 38.9 microstrains whenever the n-value varies from 0.25 to 1 (isotropy) considering nonlinear elastic unbound layers. This tensile strain also decreases with an increase in n-value following similar trends for linear elastic unbound layers. However, strains considering linear elastic unbound layers are smaller than those considering nonlinear elastic unbound layers (see Fig. 7a ). Degree of cross-anisotropy, n Degree of cross-anisotropy, n Vertical strain in subbase (microstrain) Vertical strain in subgrade (microstrain) Fig. 8 . Effects of AC cross-anisotropy on vertical strain in pavement layers. Fig. 7bec shows the effects of base and subbase cross-anisotropy on tensile strain at bottom of the AC layer for both nonlinear and linear elastic unbound layers. In both cases, it is observed that the change in tensile strains with varying n-values is small. The difference in strain between the nonlinear and linear elastic unbound layers is the maximum at n ¼ 1 (isotropic). Tensile strain considering the nonlinear elasticity is 6.31 microstrains greater than that considering linear elastic unbound layers.
In summary, horizontal tensile strain at the bottom of the AC layer decreases with increases in n-values towards isotropy, i.e. increases in horizontal modulus of the AC layer. In addition, tensile strain considering the nonlinear elastic unbound layers is greater than that considering linear elastic unbound layers. It is also observed that cross-anisotropy variation in unbound layers has a very small effect on tensile strain for nonlinear and linear elastic unbound layers. Due to the decrease in n-value or horizontal modulus, the potential for fatigue damage may increase significantly.
Vertical strain in pavement layers
The vertical strain in the pavement layers, such as AC, base, subbase, and subgrade, was determined by the dynamic FEM simulations at varying n-values. Fig. 8 shows the variations of vertical strains in AC, base, subbase, and subgrade due to crossanisotropic variation in the AC layer. In Fig. 8a , the vertical strain decreases from 97 microstrains to 72 microstrains since n-value increases from 0.25 to 1. In addition, strain due to nonlinear elastic unbound layers is greater than that due to linear elastic unbound layers. Similar trends are also observed in the case of the base and subbase layers (see Fig. 8b and c) . Fig. 8d shows that the type of elasticity in the unbound layers does not affect the vertical strain in the subgrade. The strain in this layer is barely affected by the AC cross-anisotropy variation.
In summary, it is observed that AC cross-anisotropy highly affects the vertical strain in AC, base, and subbase. In addition, incorporation of nonlinear elastic unbound layers raises the vertical strains. The vertical strain subgrade is barely affected by the AC cross-anisotropy. Due to the decrease in n-value or horizontal modulus, the potential for permanent deformation may increase significantly. Fig. 9 shows that a decrease in vertical strain in pavement layers due to increasing n-value of base layer is small. The difference in vertical strains between the n-value, equal to 0.25 and 1, ranges from 2 microstrains to 4 microstrains. In most of the layers except the subgrade, the vertical strain is increased due to incorporation of the nonlinear elastic unbound layers.
In summary, the vertical strains are affected by variation of base layer cross-anisotropy with a small extent. In addition, vertical strains in pavement layers increase due to incorporation of nonlinear elastic unbound layers except the subgrade. Fig. 10 shows the effects of subbase cross-anisotropy on the vertical strains in pavement layers. The vertical strain change is very small due to cross-anisotropic variation. The maximum variation is observed in the base layer, which is 6 microstrains. The vertical strains in pavement layers, except the subgrade, are raised due to incorporation of nonlinear elastic unbound layers. Degree of cross-anisotropy, n Degree of cross-anisotropy, n Vertical strain in subbase (microstrain) Vertical strain in subgrade (microstrain)
Degree of cross-anisotropy, n Degree of cross-anisotropy, n Vertical strain in AC (microstrain) Vertical strain in base (microstrain) Fig. 9 . Effects of base layer cross-anisotropy on vertical strain in pavement layers.
In summary, the effect of base layer cross-anisotropy on vertical strain is small. In addition, vertical strains in pavement layers are raised higher due to incorporation of nonlinear elastic unbound layers except the subgrade. It may increase the fatigue damage or permanent deformation.
It is commonly observed, from Figs. 8e10, that incorporation of nonlinear elastic unbound layers increases the vertical strains in pavement layers. This indicates the moduli of nonlinear elastic base and subbase may be smaller than those of the same layers with linear elasticity. Table 4 summarizes the stress-dependent nonlinear elastic modulus of base and subbase. The second through fourth columns show the nonlinear base modulus due to cross-anisotropy variation in AC, base, and subbase layer, respectively. The fifth column contains the linear elastic base modulus. It is obvious that the nonlinear base modulus is smaller than the linear elastic base modulus.
The sixth through eighth columns show the nonlinear subbase modulus due to cross-anisotropy variation in AC, base, and subbase layer, respectively. The ninth column contains the linear elastic subbase modulus. It is also evident that the nonlinear subbase modulus is smaller than the linear elastic subbase modulus. These smaller values of nonlinear base and subbase modulus result in the higher pavement strains.
Comparison of strains due to AC and unbound layer crossanisotropy
A comparison is made between tensile strains at the bottom of the AC due to AC, base, and subbase cross-anisotropy, respectively (see Fig. 11 ). These strains are determined from the FEM incorporating the unbound layer nonlinear elasticity. It is observed that Tensile strain (microstrain)
Degree of cross-anisotropy, n tensile strain drops about 40 microstrains during AC crossanisotropy variation whereas strain variations due to base and subbase cross-anisotropy variation are very small. It indicates that tensile strain is mostly affected by the AC cross-anisotropy. A comparison is also made between vertical strains in pavement layers due to AC, base, and subbase cross-anisotropy, respectively (see Fig. 12aed ). The common observation based on these figures is that vertical strains in AC, base, subbase, and subgrade are more sensitive to cross-anisotropy of the AC compared to that of the unbound layers.
Conclusions
Based on the observations, the following conclusions are made:
(1) The horizontal tensile strain at the bottom of the AC layer decreases as the horizontal AC modulus increases toward the isotropy. Therefore, potential for fatigue damage may increase if the horizontal AC decreases. (2) The vertical strains on top of the pavement layers such as AC, base, subbase, and subgrade increase with a decrease in horizontal AC modulus. Therefore, potential for permanent deformation may also increase if the horizontal AC decreases. (3) Incorporation of stress-dependent nonlinear elastic unbound layers leads to a decrease in base and subbase moduli. The values of both horizontal tensile strains at the bottom of the AC layer and vertical strains in the pavement layers increase due to the decreased unbound layer moduli. Therefore, incorporation of stress-dependent nonlinear elastic unbound layers may result in higher fatigue damage and permanent deformation. (4) Pavement strains, i.e. tensile strain in AC and vertical strains in all layers, are highly affected by the variation in AC crossanisotropy compared to unbound layer cross-anisotropy. Therefore, both fatigue damage in AC and permanent deformation in pavement layers may be enhanced more due to the presence of AC cross-anisotropy.
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Degree of cross-anisotropy, n Degree of cross-anisotropy, n Vertical strain (microstrain) Vertical strain (microstrain)
Degree of cross-anisotropy, n Degree of cross-anisotropy, n Vertical strain (microstrain) Vertical strain (microstrain) Fig. 12 . Comparison of pavement layers' cross-anisotropy on vertical strains.
